Hg-sensitive water channels. The putative reduction in waterwas always less in NaCl plants than in controls and 6×HNS. channel function of NaCl-treated plants did not seem to be A total increase in the ion concentration of the xylem (except due to the osmotic effect. Na + and Cl − ) was observed with both treatments. In control
Introduction
Salinity is a major factor limiting crop production and, consequently, the responses of plants to it have been widely studied. Crops grown in semi-arid zones suffer from a lack of rainfall, which causes an increase in the water deficit. This usually results in poor irrigation of those crops with water containing a considerable amount of salt. Salt stress may reduce plant growth by water deficit, ion toxicity, ion imbalance, or a combination of these factors (Cramer et al. 1986 ). However, the mechanism by which salinity inhibits growth is poorly understood (Cheeseman 1988) . To maintain turgor, plants grown under salt stress undergo an osmotic adjustment that involves the net accumulation of solutes in cells in response to a fall in the water potential of the environment (Blum et al. 1996) . Once the osmotic potential has changed water uptake occurs, but even so, other changes may take place as a consequence of salinity, i.e. a decrease in the hydraulic conductivity of root membranes (Azaizeh and Steudle 1991) .
Proteins that form water channels or 'aquaporins' in membranes (Preston et al. 1992a , Agre et al. 1993 , Fushimi et al. 1993 ) have been identified in plants (Daniels et al. 1994 , Karmmerloher et al. 1994 . These channels allow water to pass freely across cellular membranes, following osmotic or hydrostatic pressure gradients (Chrispeels and Maurel 1994) . The water channels in mammalian tissues are known to be blocked by sulphydryl reagents such as mercurials, e.g. HgCl 2 , resulting in decreased water permeability of the membranes. These changes are reversed when the Hg 2 + is removed from the membrane by reagents such as dithiothreitol (DTT) (Preston et al. 1992b ). The hydraulic conductivity of the plasma membrane in the alga Chara is greatly reduced by brief exposure to mercury and is similarly restored by treatment with DTT (Henzler and Steudle 1995) . Similar results were obtained with the hydraulic conductance of wheat roots (Carvajal et al. 1996a) . Expression of cDNAs encoding water channels in Xenopus oocytes greatly Abbre6iations -Js: solute flow into the sap; Jv: sap flow; L 0 : hydraulic conductance; 6 ×HNS: 6 times the macronutrients of the Hoagland nutrient solution; DC p : osmotic pressure-difference between the xylem sap and the external solution.
increased the water permeability of the plasma membrane (Karmmerloher et al. 1994) . Thus, evidence is accumulating to suggest that a significant proportion of the water moving across the plasma membrane of some plant cells may occur via water channels.
Stress resulting from deficiencies or excesses of nutrients in the soil solution, which surrounds the root periphery, is detected first by the plasma membrane of root epidermal or cortical cells. It has been shown that some functions of the plasma membrane are affected by stress and it has been tempting to interpret such responses as ameliorating its damaging effects, in unexplained ways (Raison and Wright 1983 , Cooke and Burden 1990 , Schuler et al. 1991 . However, there remain considerable gaps in our understanding of the changes themselves, how they are brought about and the ways in which they might allow plants to cope with stressful conditions.
The objective of this research was to examine the effect of NaCl on water transport in Capsicum annuum (paprika pepper) roots by comparing the effect of NaCl with a solution of similar osmolarity in which the concentration of macronutrients had been increased. The aim was to distinguish between responses resulting from either an osmotic stress or nutrient imbalance, and to see if changes in waterchannel function were involved.
Materials and methods

Plant culture
Seeds of paprika pepper plants, Capsicum annuum L. (cv. Albar), were surface-sterilised in 5% sodium hypochlorite solution for 10 min, washed with de-ionised water and germinated in Petri dishes at 28°C in an incubator. After 12 d, the seedlings were placed in 15 l containers (40 plants per container) and transferred to a controlled environment chamber with a 16-h light, 8-h dark cycle at an air temperature of 25 and 20°C, respectively. The relative humidity (RH) was 60% (day) and 80% (night) and photosynthetically active radiation (PAR) 400 mmol m − 2 s − 1 provided by a combination of fluorescent tubes (Philips TLD 36 W/83, Germany and Sylvania F36 W/GRO, USA) and metal halide lamps (Osram HQI, T 400 W, Germany). The seedlings were supplied with a complete modified Hoagland's nutrient solution (Epstein 1972) . The solution was completely replaced every 5 d. After 25 d, either 30 mM NaCl ( +NaCl) or a solution of six times the macronutrients of Hoagland nutrient solution (6 ×HNS) was added to the plants. Both treatments had similar osmolarities (95 mOsm). One h later and every 24 h thereafter over a 3-d period, sap flow, osmotic pressure and the concentration of anions and cations in the sap were measured and hydraulic conductance calculated. Measurements were made on five plants per day per treatment. Both treatments, + NaCl and +6 ×HNS, were stopped after 72 h (−NaCl and − 6× HNS, respectively), and plants were returned to the Hoagland's solution. The same parameters as above were measured and calculated to determine whether the effects of both treatments were reversible.
Measurement of sap flow
The method was based on volume flow through detached root systems. The aerial parts of the plant were removed, leaving the base of the stem, which was sealed with silicone grease into a tapered glass tube. After 2 h, the exuded xylem sap was collected using a finely drawn-out Pasteur pipette and transferred to an Eppendorf tube. The amount of sap was determined by weight. The roots were removed and weighed. Sap flow was expressed in mg g − 1 root fresh weight h − 1 .
Measurement of osmolarity of exuded sap
Samples of sap (50 ml) were placed in Eppendorf tubes and the osmotic potential of the sap and the root bathing medium were measured using an osmometer (Wescor Osmometer 5500, USA). This was calibrated using a standard solution of KNO 3 . Osmotic pressure-difference between the xylem sap and the external solution DC p was calculated from the osmolarity values. The solute flux into the sap Js was estimated as the product of osmolarity and Jv.
Hydraulic conductance
The driving force DC p used to estimate root hydraulic conductance L 0 , which has the units mg g
, was:
Anion analysis
The sap collected from the de-topped plants (25 ml) was diluted and injected into a Dionex-D-100 ion chromatograph (USA) with an Ionpac AS12A 4 mm (10-32) column and guard column (USA). The different anions (Cl − , NO 3 − , PO 4 3 − and SO 4 2 − ) were measured with a conductivity detector and quantified by comparing peak areas with those of known standards. The flow rate was 1.5 ml min − 1 with an eluent of 2.7 mM Na 2 CO 3 /0.3 mM NaHCO 3 .
Cation analysis
The concentrations of Na + and K + in sap were determined directly by atomic absorption spectrophotometry (PerkinElmer 5500, USA).
Mercuric chloride treatment
After 72 h of applying the treatments, mercuric chloride (50 mM) was added to the nutrient solution of plants from which shoots had been excised for the measurement of the initial value of Jv and L 0 . After 5 min the plants were transferred to nutrient solution without Hg and the exuded sap was measured after 1 h. The sap was removed using a Pasteur pipette with a finely drawn-out tip. Mercury was scavenged from the roots with DTT (5 mM). After 1 h, the exuded sap was measured, as described above, removed from the tube and its osmolarity determined.
K + flux into the xylem
Potassium concentration was measured in sap collected from plants of the above experiment after Hg and DTT application. Potassium flux into the xylem was calculated as the product of the sap flux and concentration of K + in the sap (Jackson and Weatherley 1962) .
Results
Water and solute transport through the roots
Preliminary time course measurements of L 0 and Jv showed that these parameters were greatest in the middle of the light period (data not shown). Therefore, all subsequent measurements were made during this period to avoid diurnal variation and when water and nutrient uptake was at a maximum.
After 1 and 24 h of NaCl and 6 ×HNS treatment, no increase in Jv occurred (Fig. 1a) . A very slight increase was observed after 48 and 72 h in a similar way for both treatments. One h after the treatments were stopped (73 h), Jv increased to values similar to those of the control after 120 h.
The hydraulic conductance of the roots could not be determined 1 and 24 h after the treatments were applied because Jv was zero (Fig. 1b) . However, it was possible to calculate small values for L 0 at 48 and 72 h in the roots grown under NaCl stress. When the roots were returned to Hoagland's solution (73 h), a greater increase in L 0 was apparent, reaching values similar to the control after 120 h. A different response was obtained from the roots treated with 6 × HNS, where L 0 recovered to values similar to control after 48 h. However, when this treatment was stopped, a decrease in L 0 was observed and a recovery to values similar to those of the controls occurred at 120 h.
Osmotic adjustment plays an important role in water transport. Therefore, the evaluation of the osmotic potential, the force that leads to water uptake, was analysed carefully. One h after starting the treatments and at 24 h, it was not possible to measure the osmolarity of the xylem because no sap was obtained. However, when the sap exudation from the root recommenced (48 h), in +NaCl roots, a gradual increase in the osmotic potential DC p was observed until the NaCl treatment was removed showing greater values than controls at 72 h (Fig. 2a) . In +6 ×HNS roots, only a slight increase occurred at 48 h, the values remaining constant until the solution was changed to Hoagland's (72 h). From then, a large increase over control values was obtained with both + NaCl and +6 ×HNS treatments followed by a decrease that approached the control value. The flux of solutes into the xylem Js (Fig. 2b) was always less in treated than in control roots as it depended directly on the Jv and the osmolarity of the sap. It began to increase in treated plants 24 h after the commencement of treatments, becoming greater in NaCl plants. However, by the end of the experiment Js was totally restored to values similar to those of the control.
Cations and anions in sap
To determine the different effects that both treatments (NaCl and 6 × HNS) had on nutrient uptake and to see if a nutrient imbalance was occurring, the ion concentration in the sap was analysed. The concentration of cations and anions in the xylem varied with the treatments, while the controls remained constant throughout. In +NaCl and +6× HNS saps, the concentration of nitrate, phosphate, sulphate and potassium (Tables 1 and 2 ) increased significantly after 48 h, the concentrations being similar in both treatments. However, at 72 h, in + 6× HNS sap a greater increase was observed than in +NaCl sap. When plants were returned to Hoagland's solution, the concentration of these ions reverted to values similar to control after 120 h.
In the xylem of NaCl-treated plants differences were also observed in the concentration of Cl − (Table 1) and Na + (Table 2) . After the treatments were stopped, both these ion concentrations took longer (i.e. \120 h) to revert to control values than the rest of the ions analysed.
Sensitivity to HgCl 2
The inhibition of water flow across the root by HgCl 2 treatment may give an indication of the proportion of the total water flow that occurs by water channels since they are characteristically Hg-sensitive. The Jv and L 0 of control plant roots declined rapidly to values similar to those of +NaCl plants after 5 min treatment with 50 mM HgCl 2 (Fig. 3) . With 6 ×HNS, a similar effect was observed in L 0 . However, NaCl-treated plants were only slightly affected by HgCl 2 . Addition of DTT (5 mM) restored Jv and L 0 to initial values in control and 6 × HNS plants, but had no effect on + NaCl plants.
K + flux into the xylem
Calculation of the flux of K + into the xylem can indicate whether root cells became leaky to ions. Seventy-two h of treatment with either NaCl or 6 ×HNS produced a strong decrease in K + flux into the xylem (Fig. 4) . However, applications of HgCl 2 (50 mM) and DTT (5 mM) did not affect this parameter.
Discussion
Analyses of exuded xylem sap can provide valuable information about absorption of water and mineral nutrients by roots. However, there are several factors to be considered in their interpretation. Xylem sap collected from decapitated plants (exudate) represents only that fraction of water flow driven by the root pressure. For the evaluation of the transpirational component, exudates have to be collected, either under vacuum from the cut stump or by increasing the external pressure in the root zone (pressure chamber). With both methods, xylem volume flow is increased and mineral nutrient concentration usually decreases. However, with these methods, calculated transport rates to the shoot might be quite different from the results found in intact plants (Salim and Pitman 1984, Allen et al. 1988) . In an earlier study on changes in the hydraulic conductance of roots due to nutrient deficiencies, sap-flow data acquired from the de-topped root was interpreted as being a result of changes in water-channel function (Carvajal et al. 1996a ).
In the experiments described here, immediately after the treatments (NaCl and 6 × HNS) were applied the driving force was eliminated because the external osmolarity was increased to approximately double that of the xylem. Therefore, the cells of the roots osmotically adjusted, probably via an accumulation of organic solutes (Jones et al. 1980 , Morgan 1984 , Ortiz et al. 1994 ) and inorganic ions (Niu et al. 1995) .
In our experiments, it took 24 h for osmotic adjustment to re-establish a driving force for inward water flow into the xylem. The driving force for this water movement was dependent on the concentration of solutes. After 3 d of stress, roots treated with 6 ×HNS did not show changes in L 0 compared with controls (Fig. 1b) . This may indicate that only by osmotic adjustment in the roots, the plant was able to maintain the capacity to take up water, although the xylem flux was less than the control. However, in saltstressed plants the difference in osmotic pressure between the external solution and the xylem was even greater than in controls, which when combined with similar values of sap exudation found in 6×HNS roots led to a reduction in L 0 . Reductions in root hydraulic conductivity Lp of salinised plants have been shown in several reports (Shalhevet et al. 1976 , Munns and Passioura 1984 , Evlagon et al. 1990 .
From the results of Azaizeh and Steudle (1991) , it was suggested that the osmotic concentration has some effects on Lp and, in addition, the ionic species used may have some toxic effects that could affect the magnitude of the changes. However, our results showed that it was not the osmotic effect that produced the reduction in L 0 (Fig. 1b) , because after the osmotic adjustment of the roots, no significant differences were observed between 6 ×HNS and controls. However, a large decrease in L 0 was observed in NaCl roots. It is known that large apoplastic concentrations of Na + and Cl − produce hyperosmotic stress and ionic imbalance (Cramer et al. 1986 ). Thus, it is vital for the plant to re-establish cellular ionic homeostasis for metabolic functioning and growth in order to respond to the saline environment. This type of response occurred in our plants treated with NaCl and 6 ×HNS. Both treatments produced an increase in ionic concentration of the xylem sap, possibly in addition to a greater synthesis of organic acids (Ortiz et al. 1994 , Lutts et al. 1996 . It has been reported that when plants are exposed to NaCl, Na + and Cl − reduce the apoplastic water potential and accumulate solutes in the cytosol (Binzel et al. 1988) . The osmotic adjustment of cells against water imbalance must be partially achieved by the accumulation of ions in the cytosol from the external environment (Niu et al. 1995) . In our treated plants, the large increase in ionic concentration of the sap exudate showed that there was probably an accumulation of ions in the cytosol of the root cells with both treatments (NaCl and 6×HNS). However, the fact that there were no differences in the concentration of ions between these treatments demonstrated that the nutrient imbalance did not affect L 0 of the paprika pepper roots, although a toxic effect of Na + or Cl − in NaCl-treated plants must have occurred. The finding that the nutrient concentration after 72 h of treatment was less in NaCl sap than in 6×HNS, while a greater osmotic potential was observed in NaCl sap, could be explained by the production of different organic solutes (Greenway and Munns 1980) . In control and 6×HNS plants, L 0 declined rapidly with Hg treatment towards values similar to those of NaCl plants, which were themselves unaffected (Fig. 3) . We used the effect of HgCl 2 to characterise the water transport in paprika pepper roots and to evaluate whether a facilitated pathway for water movement exists in intact roots. Although these experiments do not directly prove the point, it seems likely that the principal perturbation caused by Hg in the short term may have been through an effect on the radial movement of water across the root to the xylem and that this path is protein mediated. It has been shown that HgCl 2 blocks the flow of water through aquaporins (Preston et al. 1992a , Chrispeels and Agre 1994 , Knepper 1994 , Van Os et al. 1994 ) and that flow is restored with reducing agents (Preston et al. 1992a, Chrispeels and Agre 1994) . Using DTT as a scavenger for Hg 2 + , the L 0 of control and anion-deprivation on water-channel gene transcription, and preliminary results indicate a reduction in N-deprived plants (D. T. Clarkson, personal communication). Also, it has been suggested that one of the next steps for increasing salt tolerance is to control the water flux through the water channels (Bohnert and Jensen 1996) . While the flux of water is strictly dependent on the water potential difference across the membrane, there must be control over the 'open and close' state of the water channel, possibly by phosphorylation. The equilibrium between open and closed conformations seems to be affected by growth regulator-mediated signals (Maurel et al. 1995) . Thus, if water-channel function is reduced in salt-stressed plants, further research must be done to understand the mechanism by which this is regulated. Furthermore, the similarities found in the response of plants to nutrient and salt stress suggest that changes in water-channel function may represent a general stress response.
6×HNS roots was quickly restored to its pre-treatment value. However, this reagent had only a slight effect on NaCl-treated plants. This technique has been used before (Maggio and Joly 1995, Carvajal et al. 1996a ). There was no evidence of wide scale deleterious changes in root function during the time course of the experiments, demonstrated by the fact that Hg 2 + concentrations used in the experiments did not alter the flux of K + into the xylem. Furthermore, the effect of Hg 2 + treatment is important in the light of a report that suggested that the regulation of sulphydryl groups by a plasma membrane reductase system can alter the transport of osmotically important cations, especially K + , across the root cell plasma membrane (Welch et al. 1993) . Nevertheless, our data demonstrated that Hg 2 + concentration (50 mM) and duration of exposure (5 min) only seemed to affect water transport through roots.
Our results suggest that the putative aquaporins in paprika pepper root cells were Hg-sensitive. The very weak response of the L 0 of salt-stressed roots to Hg treatment could be because water channels were greatly reduced in numbers or, if present, were non-functional. Little is known about the regulation of plasma membrane water channels in plants. It may be via gene expression, as in amphibian tissues (Abrami et al. 1995) , or via phosphorylation as observed in spinach after changes in apoplastic water potential (Johansson et al. 1996) . The observation that the NaCl or 6 ×HNS supply to the root surface became suboptimal, reducing L 0 1 h after stopping the treatments, may be via an effect on water-channel protein function rather than expression. Although water-channel expression has been observed to be a very rapid response to nitrate deprivation (D. T. Clarkson, unpublished data).
If as we suggested in an earlier paper, the transport of the ions could be the message to which the system responds (Carvajal et al. 1996a,b) , it is possible in salt-stress that a toxic effect of Na + or Cl − triggered the same response as nutrient deprivation. The production of plasma membrane intrinsic protein (PIP) cDNAs from Arabidopsis (Karmmerloher et al. 1994 ) has led to a study of the impact of Physiol. Plant. 105, 1999 
